Recently, flange-climb derailments of light-weight commuter trains tend to increase on tight curves at low speed. This creates a need for establishing safety evaluation methods against flange-climb derailments.
Many factors influence the cause of derailments. In the field of vehicle engineering, they are the axle load, imbalance between the right-and left-side static wheel loads, spring constant of suspension, height of vehicle center-of -gravity and so on. In the field of track engineering, they are the curve radius, superelevation, twist, track irregularities and so on. Besides these factors, the friction coefficient between the wheel and each rail, both in the tread and flange areas, and the train speed also play important roles.
To estimate the level of safety against flange-climb derailment, we traditionally use the "derailment coefficient" (lateral force/wheel load, usually described "Q/P" in Japan) known as "Nadal's equation." On the other hand, time-series computer simulation may be used to calculate the derailment coefficient. However, because it needs a long calculation time, this method is not suitable to the application in wide ranges. This paper describes the Q/P estimation equations, calculation method of critical Q/P, estimation of safety margin against derailment using the "estimated Q/P ratio" (critical Q/P / estimated Q/P) and examples of trial calculation. This study targets at vehicles with bolsterless bogies and air spring secondary suspension. The carbody is conservatively considered as a rigid body.
2. Wheel load estimation equations 2. Wheel load estimation equations 2. Wheel load estimation equations 2. Wheel load estimation equations 2. Wheel load estimation equations 2.1 Wheel load variation by centrifugal force 2.1 Wheel load variation by centrifugal force 2.1 Wheel load variation by centrifugal force 2.1 Wheel load variation by centrifugal force 2.1 Wheel load variation by centrifugal force When trains pass through curves, the centrifugal force acts on the trains according to the curve radius, superelevation and train speed. This increases or decreases the quasi-static loads of outside and inside wheels. If the train speed is lower than the balanced speed (= superelevation excess), the wheel load of the outside wheel is less than its static value. In contrast, if the train speed is higher than the balanced speed (= superelevation deficiency), the wheel load of the outside wheel will be higher than its static value. When the mechanism of the wheel load increases or decreases wheel loads by the effect of centrifugal forces, the equations (1) and (2) are derived to estimate the quasi-static loads of outside and inside wheels. On transition curves, as the track surface is twisted, wheel loads increase and decrease according to the deformation of the primary and secondary suspension springs. In particular, on the exit transition curve, the wheel load of the outside wheel of the leading axle decreases according to the extension of its primary suspension. At the same time, the load of the outside wheel of the leading bogie decreases according to the extension of the secondary suspension spring. Furthermore, the wheel loads vary by local track irregularities. The decrease in the static wheel load is expressed by the equation (3), to respect the mechanism of the wheel load variation due to track twist. When the train passes a curve, torsion of secondary suspension springs occurs on a bolster-less bogie due to the relative rotational deformation between carbody and bogies. The reaction force F 1 acts laterally on the rail. At the same time, F 1 ' (= F 1 /tan60 ), the vertical component of the reaction force, will act vertically ( Fig. 1) . Track shifting force F 1 that occurs by the torsion of air springs is described in Section 3.2, Clauses (2) and (3).
Wheel load estimation equations Wheel load estimation equations Wheel load estimation equations Wheel load estimation equations Wheel load estimation equations
The outside and inside wheel loads can be calculated by the equations (4) and (5), in consideration of three factors, which are the centrifugal force, track twist and torsion air suspensions.
Here, 3. Lateral force estimation equations 3. Lateral force estimation equations 3. Lateral force estimation equations 3. Lateral force estimation equations 3. Lateral force estimation equations 3.1 T 3.1 T 3.1 T 3.1 T 3.1 Turning lateral force due to the reaction of inside urning lateral force due to the reaction of inside urning lateral force due to the reaction of inside urning lateral force due to the reaction of inside urning lateral force due to the reaction of inside friction force friction force friction force friction force friction force When a vehicle runs on a curve, the flange of the leading outside wheel is in contact with the outside rail and is pushed against its gauge face. Then the inside wheel resists the force with a friction force (= wheel load multiplied by the friction coefficient applied on the tread). This acts as an outward quasi-static lateral force, that is "turning lateral force." Accordingly, the larger the friction coefficient between the inside wheel tread and the rail (nearly inside Q/P ratio κ) is, the larger the turning lateral force becomes. The estimation equation for the inside wheel quasi-static component of the lateral force (turning lateral force) is expressed by the equation (6).
Here, The values of κ are established for tapered and arc or modified arc wheel profiles, respectively (Fig. 2) . These characteristics are obtained by time-series simulation and field test data.
3.2 T 3.2 T 3.2 T 3.2 T 3.2 Track shifting force due to centrifugal force and rack shifting force due to centrifugal force and rack shifting force due to centrifugal force and rack shifting force due to centrifugal force and rack shifting force due to centrifugal force and torsion of air suspensions torsion of air suspensions torsion of air suspensions torsion of air suspensions torsion of air suspensions (1) Track shifting force due to centrifugal force A Centrifugal force acts on the train that is running through curves according to the curve radius, superelevation and train speed. It constitutes a part of the quasi-static track shifting force. This force is negative when the train speed is lower than the balanced speed (superelvation excess). In contrast, this force is positive when the train speed is higher than the balanced speed (superelvation deficiency).
(2) Track shifting force due to the torsion of air spring On curves, the torsion of the secondary suspension springs due to the yaw angle between carbody and bogies cause a track shifting force. At the position of the leading wheelset of a bogie, this force acts toward the outside rail. (3) Estimation equations for quasi-static component of track shifting force Based on the above mentioned paragraphs (1) and (2), the quasi-static component of the track shifting force due to the centrifugal force and torsion of the secondary suspension springs is expressed by the following equation (7).
Here, Yaw stiffness of air suspensions / bogie (kN/m) (zero for bogies with bolster)
β: Modifying coefficient of track shifting force F 1 (4) Modifying coefficient β of the track shifting force due to the torsion of secondary suspension springs According to the study result on the calculated value of track shifting force F 1 due to the deformation of air springs by the estimation equations and, time series simulation (Fig. 3) , we set modifying coefficient β as equations (8) and (9) (a) In the case of inside Q/P ratio κ < 0.50
(b) In the case of inside Q/P ratio κ > 0.50
In Fig. 3 , when the curve radius is larger than a certain value, the track shifting force F 1 due to the torsion of the secondary suspension springs becomes negative. Consequently, for the outside wheel, the reaction force of the vertical component of F 1 acts downward. This force reduces the wheel load of the outside wheel. However, such a condition was not found during field tests nor by time series simulation. Therefore, the modifying coefficient for vertical component of F 1 is set as equation (10). 
3.3 Lateral force variation due to track irregularities 3.3 Lateral force variation due to track irregularities 3.3 Lateral force variation due to track irregularities 3.3 Lateral force variation due to track irregularities 3.3 Lateral force variation due to track irregularities and impacts at rail joints and impacts at rail joints and impacts at rail joints and impacts at rail joints and impacts at rail joints When there are track irregularities, especially alignment irregularities, variation of track shifting force occur mainly by the inertia force according to the vehicle vibrations. Shocking variation of lateral forces occur at rail joints. These forces increase with higher train speed. The way of calculations are as shown by equations (11) and (12).
Here, Standard deviation of alignment irregularities (mm)
V:
Train speed (km/h)
Variation coefficient of track shifting force (1/mm/(km/h))
∆Q unsp :Variation of lateral force at rail joints (kN) ε:
Effective ratio of variation of lateral force (%)
Estimation equations of outside lateral forces Estimation equations of outside lateral forces Estimation equations of outside lateral forces Estimation equations of outside lateral forces Estimation equations of outside lateral forces
We estimate the outside lateral forces by using the equation (13) in consideration of the above-mentioned three factors, or the turning lateral force by the inside rail friction force and track shifting force due to the centrifugal force and torsion of secondary suspension springs, and variation of lateral forces due to track irregularities and impact forces at rail joints.
Here, We usually use the "Nadal's equation" to calculate the critical derailment coefficient. Here, instead of the friction coefficient µ, we adopt the equivalent friction coefficient µ e which is a function of the wheel angle of attack, . This is to reflect the difference of the track geometry (curvature) accurately at the wheelset under consideration. This process gives a higher critical derailment coefficient than with the common friction coefficient µ. The equivalent friction coefficient µ e is expressed by the equation (15), to respect the saturation characteristics of the creep force. Fig. 4 Comparison of the values of wheel angle of attack, Fig. 4 Comparison of the values of wheel angle of attack, Fig. 4 Comparison of the values of wheel angle of attack, Fig. 4 Comparison of the values of wheel angle of attack, simulation and estimation after modification simulation and estimation after modification simulation and estimation after modification simulation and estimation after modification simulation and estimation after modification (Fig. 4) is considerd, the wheel angle of attack ϕ is calculated by the equation (16). The derailment coefficient of the outside wheel is calculated by the equation (19) as the ratio of outside lateral force to wheel load of the outside wheel at the same position.
Nadal
Here, (Q/P) o : Derailment coefficient
Outside lateral force (kN)
Outside wheel load (kN) We define the "Estimated derailment coefficient ratio" as the ratio of the critical Q/P shown in Chapter 4 to the Q/P of the outside wheel shown in Section 5.1. This definition is shown by the equation (20). This ratio expresses the margin against flange-climb derailment with the base value of 1.0.
Here,
3 Trial calculation of estimated derailment coefficient rial calculation of estimated derailment coefficient rial calculation of estimated derailment coefficient rial calculation of estimated derailment coefficient rial calculation of estimated derailment coefficient ratio (Sensitivity analysis) ratio (Sensitivity analysis) ratio (Sensitivity analysis) ratio (Sensitivity analysis) ratio (Sensitivity analysis) Figure 5 compares the estimated and measured values of Q/P, to indicate that estimated values are good approximations of measured data. Figure 6 shows an example of the values of Q/P at the section of a circular curve and exit transition curve, calculated at intervals of 1 m. The estimated Q/P ratio has a minimum value just after the vehicle has entered the Fig. 7 Parameter study on estimated Q/P ratio Fig. 7 Parameter study on estimated Q/P ratio Fig. 7 Parameter study on estimated Q/P ratio Fig. 7 Parameter study on estimated Q/P ratio Fig. 7 Parameter study on estimated Q/P ratio Fig. 6 Example of the change in the estimated Q/P ratio Fig. 6 Example of the change in the estimated Q/P ratio Fig. 6 Example of the change in the estimated Q/P ratio Fig. 6 Example of the change in the estimated Q/P ratio Fig. 6 Example of the change in the estimated Q/P ratio exit-side transition curve. We calculate the estimated Q/P ratio in various cases. Figure 7 shows the calculation result. Here, those values are minimum in transition curve. Running speed km/h R200m R400m R600m
Estimated Q/P ratio 6. Conclusions 6. Conclusions 6. Conclusions 6. Conclusions 6. Conclusions
(1) We composed wheel load estimation equations by considering the centrifugal force, track geometry deviation and deformation of secondary suspension springs. (2) We established lateral force estimation equations by considering the curve turning lateral force, track shifting force due to centrifugal force and secondary suspension springs, and variation of lateral force due to track irregularities. (3) We proposed a calculation method for the critical derailment coefficient by considering wheel flange angle, equivalent friction coefficient and wheel angle of attack. (4) We define the "Estimated derailment coefficient ratio" as the ratio of critical Q/P to the outside Q/P, and evaluate the margin against the flange-climb derailment.
In this report, the methods to estimate the inside wheel Q/P ratio and modify track shifting force, and some other provision are set up tentatively. Hereafter, it is necessary to improve the accuracy based on a theoretical study and field data. At this stage, this method is only for bolster-less bogies with air spring secondary suspension. We also intend to improve the equations for application to other types of bogies.
